Our brains combine the separate streams of sensory signals from the two eyes into a singular view. Where the separate streams from the two eyes first converge in the primary visual pathway is unclear. At the initial stage of visual processing following transduction in the retina, neurons in the lateral geniculate nucleus of the thalamus (LGN) are deemed monocular because they are excited by stimulation of one eye and not the other. At the next stage of visual processing, in the primary visual cortex (V1), there are many neurons that are deemed binocular because they are excited by stimulation of either eye, signifying that binocular convergence has happened by that stage. Visual stimulation evokes a specific sequence of activation across the laminar microcircuit of V1. During which part of this sequence binocular convergence occurs is unresolved. Here we investigate where binocular convergence occurs in the V1 laminar microcircuit by examining the extent to which macaque V1 neurons in all layers are sensitive to both eyes. We found that more than 94% of V1 neurons across all layers were binocular in the sense that they were driven by stimulation of either eye. As expected, monocular neurons were largely located in the primary geniculate input layer of V1. Interestingly, these monocular neurons showed systematic firing rate differences between stimulation of their driving eye alone compared to stimulation of both eyes, revealing that these so-called monocular neurons actually encode what is shown to both eyes. This finding suggests that, while geniculate inputs to V1 are largely segregated by eye, the outputs of their V1 target neurons are sensitive to what both eyes view, marking this processing stage as the primary point of binocular convergence in the primate visual system.
INTRODUCTION
Front-facing eyes are one of the most prominent features that differentiate humans and other primates from their closest ancestors 1 . The resulting overlap of the two eyes' perspectives necessitates that our brains combine the outputs of the two eyes in order to yield a singular view of the visual field [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In order to be combined, the two signal streams of the eyes need to get in touch, or converge, at some point along the primary visual pathway. Where binocular convergence occurs on the level of single neurons is not entirely clear: Primate retinae do not receive feedback from the visual structures to which they project 15 , which suggests that each eye's output is separate from that of the other eye. The main projection target of retinal ganglion cells is the lateral geniculate nucleus of the thalamus (LGN) 16 . Almost all primate LGN neurons are unaffected by stimuli in one of the two eyes 17 , suggesting that binocular convergence occurs at a subsequent processing stage. The LGN mainly projects to the primary visual cortex (V1) 16 , and the majority of V1 neurons are excited when a stimulus is presented to either eye 18, 19 . These observations combined suggest that the main point of binocular convergence lies within V1, but the exact locus within the cortical microcircuit is unclear.
V1 is comprised of anatomically and physiologically distinct layers that are activated in a specific sequence following visual stimulation 20, 21 . Binocular convergence occurs during one or more of these laminar activation steps, but which layers it occurs in is unclear. LGN neurons provide the sole geniculate input to individual neurons in layer 4C 22 . Given this connectivity, monocular signals might remain segregated within layer 4C and binocular convergence occurs during a subsequent step such as when these monocular layer 4C neurons project to neurons in layer 2/3 22 . Indeed, many layer 4C neurons are deemed monocular since they respond to one eye only 19, 23 . Yet, these layer 4C stellate cells also receive inputs from other cortical neurons in addition to the monocular inputs from the LGN 24, 25 . These intracortical connections raise the alternative possibility that layer 4C neurons receive signals that correspond to either eye, yielding a de-segregated, binocular signal in this layer. While monocular neurons are driven (excited or suppressed) by one eye only, these neurons could still systematically change their firing rates when the other eye is stimulated as well. This phenomenon, termed binocular modulation, enables even so-called monocular neurons to encode what is shown to both eyes.
To our knowledge, no study to date has explicitly tested for binocular modulation of monocular layer 4C neurons in the awake primate. Stimulating both eyes simultaneously at corresponding retinal locations can be challenging. Occluding one eye in order to exclusively stimulate the other, for example, induces short-term plasticity 26 and involves an imbalance of overall luminance levels between monocular and binocular stimulation conditions. However, by using a mirror stereoscope, it is possible to circumvent these issues and stimulate each eye in isolation, or both eyes simultaneously, while keeping the overall level of luminance constant in both eyes.
Here we determine whether binocular convergence occurs in layer 4C or in adjacent layers, by examining the extent to which neurons in all layers of V1 are sensitive to one or both eyes. To do so, we employed linear multielectrode arrays to record V1 laminar neural responses in macaques that viewed stimuli with one eye, the other eye or both eyes through a customdesigned stereoscope. We found that almost 95% of V1 neurons across all layers were driven to some degree when stimuli were presented to either eye. Using a quantitative index of ocular dominance, we found that selectivity for the two eyes across all V1 neurons follows a normal distribution, while the degree to which neurons preferred one eye over the other varied systematically between layers. In line with earlier work, we located the bulk of monocular spiking activity in layer 4C. Strikingly, we found that, although these neurons were only activated by one eye, these so-called monocular neurons were nonetheless sensitive to both eyes as their responses changed significantly when both eyes were stimulated simultaneously. In other words, V1 neurons across all layers were sensitive to not one but both eyes. These findings combined suggest that the primary point of convergence of the signals of the two eyes lies in the geniculo-recipient layers of V1.
RESULTS
Our primary objective in this study was to determine the extent to which neurons across V1 layers are sensitive to binocular inputs. Each day, we penetrated the dura mater over V1 with a linear multielectrode array and positioned the array so that its contacts spanned the depth of cortex. We displayed monocular and binocular visual stimuli through a mirror stereoscope to stimulate the left and right eyes independently. After mapping the receptive field (RF) location for the neurons under study (see Methods for details and an assessment of RF overlap across layers), we presented static sine-wave grating stimuli to the left eye or right eye over the RF location while the animals fixated on a central fixation cross (Figure 1a) . We extracted wellisolated single units as well as multiunit activity (see Methods).
V1 ocular dominance distribution
We first determined the extent to which V1 neurons as a population were excited by visual stimulation of either eye. On most days, we recorded multiple single units across the cortical depth of V1 (Figure 1b) . Over 45 recording sessions and 48 electrode penetrations, we isolated 207 single units from two macaques (N = 154 neurons in subject E48, see Methods for 6 inclusion criteria). In these penetrations as well as in additional penetrations in which only population spiking could be recorded (N = 60), we also computed the multiunit activity for each electrode channel, with each electrode channel within V1's gray matter yielding one multiunit (N = 837 multiunits, 670 from monkey E48, see Methods for inclusion criteria). To quantify the relative amount of excitation to stimulation of the contralateral eye versus the ipsilateral eye, we calculated a quantitative ocularity index for each unit (see Methods for formula). An ocularity index of -1 corresponded to neurons exclusively driven through the ipsilateral eye, and an ocularity index of 1 corresponded to neurons driven exclusively through the contralateral eye. An ocularity index of 0 corresponded to equal responses evoked through either eye. In line with previous reports, we observed that the vast majority (195/207, or 94.20%) of neurons in V1 were driven to some degree through either eye (Figure 1c ) (see Discussion for a direct comparison with previous methods for classifying ocularity). Only 12/207 neurons, or 5.80%, of neurons in our sample were completely monocular in the sense that they exhibited no statistically significant response following stimulus onset (paired t-test, p > .01) and no detectable response to one eye based on additional visual inspection (46/207 neurons, or 22.22%, in our sample had no significant response to the non-dominant eye as assessed with a paired t-test, (α = .01), but 34 of these 46 neurons exhibited a visible response to the non-dominant eye -note that to be safe, the analyses below will be performed on both groups of neurons: using additional inspection a criterion as well as using statistical threshold alone).
V1 population profile of ocular dominance
The distribution of response selectivity for one eye over another (ocular dominance, or ocularity) across the entire single unit population was well described by a Gaussian (Chi-square 7 goodness-of-fit, χ 2 = 17.66, d.f. = 8, p = 0.02), truncated at -1 and 1 to encapsulate the numerical limits imposed by the ocularity index. We repeated this analysis for the multiunit responses, as these data provided a larger sample. Since multiunit responses reflect the activity of neurons up to 350 μm away 27 , which is enough distance to bridge across neighboring ocular dominance columns [28] [29] [30] , we expected multiunits to exhibit a stronger bias towards binocular responses.
Indeed, the mean rectified ocularity indices for multiunits were lower than those for single units (one-tailed t-test, p = 2.96 x 10 -14 , t 1042 = 7.61). Nonetheless, the distribution of multiunit ocularity was also fit well by a truncated Gaussian (Chi-square goodness-of-fit, χ 2 = 104.37, d.f. = 9, p = 2.25 x 10 -18 ). This finding suggests that while there are some V1 neurons that are excited by one eye only, these monocular neurons are the least common class of all possible ocular dominance combinations. The vast majority of neurons in V1 are excited by stimulation of either eye, with the mode of V1 neurons responding equally to either eye.
Laminar profile of ocular dominance
We next determined the profile of ocular dominance across the cortical depth of V1.
Using a variety of neurophysiological criteria, we functionally identified the bottom of layer 4C as well as the upper and lower bounds of cortex for each penetration with the linear multielectrode array (see Methods). We chose the bottom boundary between layer 4C and layer 5 to serve as our reference point (0.0 mm) and assigned cortical depths to each unit recorded on contacts above and below relative to this reference point (+ 0.1 mm/contact). We then determined ocular dominance as a function of cortical depth. Specifically, we calculated the mean rectified ocularity index of all neurons at each cortical depth as a measure of how much each neuron was driven through one or both eyes (Figure 2a ). We eliminated data from 4 penetrations (all from E48) that we considered oblique relative to the top of cortex based on the fact that they included multiunits that strongly preferred one eye and the other eye (ocularity index above and below 0.4 and -0.4, respectively).
We observed that, on average, the most monocularly-biased spiking for both single units and multiunits was in layer 4C, as defined by the initial current sink evoked by visually-evoked responses to full field visual flashes (Figure 2b) and RF-limited sine-wave gratings (Figure 2c) .
The rectified ocularity indices of multiunits differed significantly between laminar compartments (one-way ANOVA, F(2,771) = 53.23, p = 2.22 x 10 -22 ). Specifically, there was a significant difference between the mean ocularity index in supragranular and infragranular layers (Tukey's HSD post-hoc test, p = 9.56 x 10 -10 , N supragranular = 255, N infragranular = 189) as well as between granular and infragranular layers (Tukey's HSD post-hoc test, p = 9.56 x 10 -10 , N granular =330 , N infragranular =189). There was no significant difference between supragranular and granular layers (Tukey's HSD post-hoc test, p = 0.25, N supragranular = 255, N granular = 330). However, if testing was limited to multiunits that were located well inside layer 4C (i.e., 0.1 to 0.4 mm, inclusively), there was a significant difference between supragranular and granular compartments as well (one-way ANOVA, F(2,662) = 70.83, p = 1.32 x 10 -28 ; Tukey's HSD post-hoc test, p = .0001).
For our single-unit samples, which provided less statistical power, there was no significant difference between laminar compartments at the α = .05 level. However, there was a difference at the α = 0.1 level (one-way ANOVA, F(2,185) = 2.42, p = .09). The mean difference in single unit ocularity between the infragranular and supragranular compartments also tested at the α = 0.1 level (Tukey's HSD post-hoc test, p = .086, N supragranular = 50, N infragranular = 40).
The finding of greater ocular dominance among layer 4C neurons is congruent with previous work 19, 23 and can be explained by the fact that monocular geniculate inputs primarily 9 target this layer 16 . Overall the pattern of rectified ocularity indices across cortical depth was qualitatively comparable for multiunits and single units, with some divergence at the extreme upper and lower bounds, which might be due to the lower number of single unit sampled at these locations (Figure 2a ). Note that, while most monocular neurons were in layer 4C, this layer also harbors neurons that are equally driven through either eye (25-75%: 0.19-0.65)
Binocular modulation of monocular neurons
As described above, only ~5.8% (12/207) of the neurons in our sample showed no detectable response during visual inspection and no statistically significant response to one eye.
We were particularly interested to test whether the responses of such monocular neurons modulated under binocular viewing. To do so, we conducted a second experiment, where we varied the contrast levels of the stimuli shown to the dominant eye, while holding stimulus contrast constant in the non-dominant eye. All other parameters were identical to our first experiment (Figure 3a) . We performed a control condition of monocular stimulation, where we varied the contrast of the grating presented to the dominant eye from presentation-to-presentation (0%-no stimulus, 22.5%, 45%, and 90%), while keeping the non-dominant eye at mean luminance. For binocular stimulation, we varied contrast in the dominant eye in the same way as we did for monocular stimulation, while we presented a high contrast grating (90%) of identical orientation, phase and spatial frequency at the matching retinotopic position to the non-dominant eye.
For this second experiment, we recorded from a total of 77 neurons (N = 69 in E48). We then focused our analysis on monocular neurons only. To identify monocular neurons, we first considered those neurons that lacked a significant response to a visual stimulus in the non-dominant eye (paired t-test, p > 0.01). We then split these neurons into a conservative and a liberal group. For the conservative group, we visually inspected the average responses to the non-dominant eye for this entire population, and further eliminated any neurons that exhibited any deflection from baseline, even though these deflections did not reach significance. Using this strict criterion, we identified 7 completely monocular neurons (conservative group, N = 6 from E48). To test our hypothesis with an increased sample size, we also used a more liberal criterion by including neurons from the conservative group as well as all neurons that both lacked a significant response to the non-dominant eye and had a rectified ocularity index above 0.65, regardless of whether visual inspection suggested a residual (non-significant) response or not ( Table 1) . This selection resulted in 16 monocular neurons (liberal group, N = 13 from E48). which similarly suggest that the outcome of binocular summation differs drastically between low and high contrast stimuli 2 . One reason for this difference might be that the brain uses a more additive approach for combining the two eyes' signals at low contrast levels in order to increase visual sensitivity. Attenuating the strength of both monocular inputs at higher contrasts in turn might help to normalize contrast perception between monocular and binocular viewing (as indicated by the fact that despite the virtual doubling of inputs, vision hardly changes between one and two eyes open).
Previous work as well as our first experiment predict monocular neurons to be primarily be in layer 4C. Indeed, for our conservative group, 5 of 7 monocular neurons were found in layer 4C (2 in layers 5/6). In our liberal group, 8 out of 16 neurons were in layer 4C (Figure 3i) . In other words, the majority of monocular neurons was harbored by layer 4C, but monocular neurons were not exclusive to layer 4C.
We performed three control analyses to confirm that the binocular modulation of monocular neurons we observed was not the result of external, physical influences. First, to ensure that binocular modulation was not tied to eye movement-related activity, we chose to exclude any trials in which fixational eye movements (microsaccades) could be detected (see Methods). The main result of binocular suppression of monocular neurons held up after excluding trials with any fixational eye movements (one-tailed t-test, t 12 = 2.45, p = 0.015) (Suppl. Fig. 1) . Second, to ensure that we were stimulating the receptive field-matched position in the non-dominant eye, we analyzed the responses of other (binocular) single units recorded on other electrode contacts, simultaneously with the monocular neurons (Figure 3j ). As expected, we observed visual responses for all those binocular neurons to both eyes, suggesting that the stereoscope and stimulus display worked correctly.
To summarize, across both experiments, we found evidence that although a small (~5-6%) proportion of neurons across all V1 layers are excited through one eye only, these neurons are nonetheless sensitive to the inputs to both eyes. This finding suggests that even geniculaterecipient layer 4C neurons, as well as all monocular V1 neurons in other layers, encode binocular information in that their firing rates are significantly altered when a stimulus is shown to their dominant eye alone or the non-dominant eye as well. We conclude that V1 layer 4C neurons, and monocular neurons in adjacent layers, seem to serve as a first major processing stage downstream of the two eyes where monocular signals interact with sensory information of the other eye.
DISCUSSION
This study is the first to our knowledge demonstrating that primate V1 neurons in all layers are sensitive to what is shown to both eyes, including the so-called monocular neurons in layer 4C that are believed to receive the bulk of geniculate projections. In other words, neurons across the entire cortical column, including layer 4C, encode what both eyes view (Figure 4) .
These results are fundamental to our understanding of binocular combination. Several impactful theoretical models on binocular vision rest on the idea that that monocular neurons are inhibited by activation of the neuron's non-dominant eye 12,13,.31-33 , but empirical evidence has been lacking. Therefore, the empirical findings reported here have important implications for our understanding of binocular rivalry and disorders of binocular vision such as stereoblindness, diplopia, strabismus and amblyopia.
Relation to Previous Work
The findings reported here parallel similar observations in cats 34 . However, binocular convergence seems to be implemented differently in cats than in primates. Specifically, the cat
LGN features anatomical connections between monocular layers in the LGN that are either absent or less prominent in primates. Accordingly, the vast majority of cat LGN cells modulate responses under binocular viewing, which is only the case for a small minority of LGN neurons in the macaque (see 35 for a more extensive discussion of species differences). However, in both cats and primates there seems to be systematic, columnar binocular processing in the main 14 geniculate input layer of primary visual cortex. This organization is likely analogous as rodents, who are phylogenetically closer to primates than cats do not feature systematic columnar ocular dominance in the binocular zone of their primary visual cortex.
Previous work determined the fraction of primate V1 cells that are sensitive to one or both the eyes, and some considered ocularity across cortical depth 19 . Several of these studies used a scale to rate the extent to which neurons are driven more through one eye or the other 14, 36, 37 . This scale was composed of seven distinct groups, with groups 1 and 7 corresponding to neurons driven exclusively by the contra-and ipsilateral eyes, respectively, and group 4 corresponding to neurons driven equally through both eyes. Using this technique, some authors reported distributions appearing Gaussian 14 , which matches our finding based on a more quantitative approach. However, others reported distributions appearing closer to uniform 37 .
Reasons for this variance might include the subjective nature of the rating system and the laminar position of neurons sampled. Importantly, though, there is wide agreement between previous studies and our finding that only a small fraction of V1 neurons is monocular 38 .
Binocular Convergence in V1 Layer 4C
The binocular response modulation of monocular neurons we observed could arise through one of several mechanisms or a combination thereof. First, geniculate projections to V1 layer 4C do not exclusively target neurons in the ocular dominance column of one eye 39 including those by bridging interneurons, would allow for cross-talk between the signals encoding the output of each eye if these interneurons cross ocular dominance columns 24, 40 .
Lastly, inter-laminar projections targeting 4C neurons from excitatory and inhibitory neurons in other layers, most prominently from layer 6 might feed binocular signals back to monocular cells in layer 4C 41 . The latter loop is particularly interesting as layer 6 cells mainly target smooth and sparsely spiny stellate cells in layer 4, which are thought to be inhibitory 42 . The latter case would imply that binocular combination in the form of intracellular summation of monocular synaptic inputs from either eye to suprathreshold (spiking) activity occurs outside layer 4C and binocular response modulation of layer 4C monocular neurons is secondary to binocular combination within binocular neurons. However, there are several theoretical and psychophysical studies that suggest that monocular signals likely interact on the level of monocular neurons before these signals get combined in order to achieve interocular contrast normalization (a process related to the fact that our visual perception hardly changes between one or both eyes open). This theoretical prediction is further corroborated by human fMRI 43 . The most parsimonious conclusion given these previous reports is that the primary visual pathway contains monocular neurons that interact before binocular combination occurs. Our study suggests that these kinds of interactions primarily occur in layer 4C of V1 (see below).
Binocular Modulation in the LGN
Another important consideration is that monocular neurons in the LGN may exhibit a similar pattern of binocular modulation as monocular neurons in V1. Indeed, as discussed above, there is extensive work in cats demonstrating that while virtually all LGN neurons are excited by one eye only, most LGN neurons modulate responses to this dominant eye when a stimulus is shown to the other eye as well. Cat cortical inactivation studies aimed at delineating whether this 16 binocular modulation is fed back from visual cortex or computed locally within the LGN produced equivocal results [44] [45] [46] [47] [48] . Importantly, however, the fraction of primate LGN cells that modulate their visual responses between monocular and binocular stimulation is much smaller than that reported in the cat, and these neurons may be specific to the magnocellular subsystem of primate LGN 49 . Whether these responses are inherited via feedback from V1 has never been tested in the primate. Interestingly, it was recently found that a small fraction of primate LGN neurons responds to either eye 50, 51 . These neurons comprise a small subsection of the koniocellular neurons in the LGN. Whether these binocular responses are supported by local neural interactions is unknown as these responses could be fed back from cortex or other subcortical structures. Taken together, these observations suggest that the vast majority (>80%) of geniculate inputs to layer 4C -and possibly all of the inputs to layer 4Cβ -are completely monocular in that the LGN neurons that send these axonal projections do not modulate under binocular viewing in primates. Our finding that effectively all monocular layer 4C neurons in our sample were binocularly modulated speaks for a cortical origin of this modulation.
METHODS

Surgical procedures:
Two adult monkeys (Macaca radiata, one female) were used in this study. placed on the monitor to track stimulus-related events at 30 kHz, the output of the eye tracking system (EyeLink II, SR Research or SensoMotoric Instruments) at 1 kHz, and digital event markers sent from the behavioral control system (MonkeyLogic, see below). The photodiode signal and event markers were used to align the neural data with visual and behavioral events.
Neurophysiological Analysis: All neurophysiological signals were extracted offline from the digitized broadband signal using custom written code in MATLAB (2016a; The Mathworks, Inc.), with the exception of local field potentials (LFP), which were recorded as a separate signal (the low frequency-dominated signal noted above). We extracted single-unit activity (SUA) with
KiloSort, an open-source unsupervised machine-learning algorithm for spike-sorting 52 , using the default parameters for sorting and cluster merging. A major benefit of using KiloSort for extracting single-unit activity from linear multielectrode arrays is that neurons that produce a signal on more than one microelectrode are not counted more than once. For all clusters detected by KiloSort, we extracted +/-1 ms of data around each spike time from the original broadband signal for each simultaneously recorded electrode contact. We averaged across impulses to create a spatiotemporal map of the spike waveform (time x electrode contacts). The region of the spatiotemporal waveform map that exceeded +/-30% of maximum modulus had to span fewer than 3 microelectrode channels (0.3 mm) and 0.9 ms to be included in the study. Clusters that met these criteria were localized to the microelectrode with the largest amplitude. In agreement with the original authors of the software 52 , we found that the resulting spike isolation was comparable if not superior to spikes isolated via conventional spike sorting techniques (see Fig.1 for examples). Spike rates were downsampled to 1 kHz. For each unit, spike times were converted to a time-varying signal using 0 to represent time points without a spike and 1 for time points where a spike was detected. This time-varying signal was then convolved using a Poisson distribution resembling a postsynaptic potential 53 Current source density (CSD) analysis was performed on the LFP signal using an estimate of the second spatial derivative appropriate for electrodes with multiple contact points 55 :
where x is the extracellular voltage recorded in Volts at time t from an electrode contact at position c, and z is the electrode inter-contact distance (0.1 mm). In order to yield CSD in units of current per unit volume, the resulting CSD from the formula above was multiplied by 0.4 S/mm as an estimate of cortical conductivity 56 .
Laminar alignment: For each penetration with the linear multielectrode array, CSD analysis was used to resolve the bottom of the prominent initial current sink immediately following stimulus onset. CSD analysis of visual responses to brief visual stimulation have been shown to reliably indicate the location of the primary geniculate input to V1 (in granular layer 4C, or L4) by a distinct current sink that is thought to reflect the combined excitatory post-synaptic potentials of the initial retino-geniculate volley of activation 57, 58 . MUA responses, or more precisely lack thereof, were used to identify electrode contacts that lie outside V1, either in the subdural space or the white matter below. Further, we excluded channels on the extreme ends of the array that did not exhibit a clear receptive field (see Receptive Field Mapping). After removing these channels, the location of the initial current sink was used to align and average data across electrode penetrations, resulting in 0.1 mm +/-0.05mm resolution across the depth of V1 [59] [60] [61] [62] [63] [64] [65] [66] [67] . boundary is more challenging to define based on these criteria and was instead set to 0.5 mm above the granular to infragranular boundary. Visual paradigms and task: Each animal was trained to fixate on a small (0.2 degrees of visual angle, dva) cross presented at the center of each eye's visual field, for several (< 5) seconds while stimuli were presented in the perifoveal visual field. In experiment one, the animals fixated on a 21 fixation cross for 300 ms before a sequence of up to five circular sinusoidal gratings appeared.
Each grating was presented for at least 200 ms before an inter-stimulus interval of at least 200 ms. The gratings were randomly presented to either the left eye, right eye, or both eyes over the population receptive field location of the recorded neurons. The grating stimuli varied in orientation but were always presented at a Michelson contrast above 0.45 (mode = 0.9) and at constant spatial frequency (0.5-3 cyc./deg) within a session. If the animals successfully held fixation within a 1 dva radius around the fixation cross for the entire stimulus sequence, a small amount of liquid juice reward was delivered. If the animals broke fixation or blinked, the trial was aborted and a short timeout (1-5 s) was given before the start of the next trial. In experiment two, a separate paradigm was used to measure neuronal responses to stimuli of varying contrast levels in each eye. Similar to experiment one, the animals fixated on a fixation cross for 300 ms before a sequence of up to five circular sinusoidal gratings appeared. Each grating was presented for at least 200 ms before an inter-stimulus interval of at least 200 ms. Gratings could be presented to one eye (left or right, with 0% contrast in the other eye) or both eyes. The
Michelson contrast of the stimulus in each eye was one of four levels (0, 0.225, 0.45, 0.9). The sine-wave gratings were presented at a constant spatial frequency (0.5-3 cyc./deg) within a session and their orientation was either at the neurons' estimated preferred orientation or the orientation orthogonal to this preferred orientation (in all cases, stimulus orientation was always identical between the eyes). The preferred orientation was determined based on the audible response as well as an online analysis of the multiunit responses to sine-wave gratings of varying orientations. If the preferred orientation varied across electrode channels, the dominating (most frequent) preferred orientation was picked. Just like in experiment one, if the animal successfully held fixation within a 1 dva radius around the fixation cross for the entire stimulus sequence, a 22 small amount of liquid juice reward was delivered. If the animal broke fixation or blinked, the trial was aborted and a short timeout (1-5 s) was given before the start of the next trial. each eye for each unit, we calculated an ocularity index using the following formula: 
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